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* RESEARCH MEMORANDUM 

OPERATING CO?ADmONS 

By Albert J. Evan5 and George Line r  

An investigation has been made in the Langley 16-foot  high-epeed  tutlnel 
to  determine t h e  propeller-section  characteristics by measuring the pressure 
distrfbution on the  airfoil  sections of a rotating  propeller. The pressures 
were measured at nine radial  stations on an NACA lO"(3) (&)a3 design 
blade  propeller. This paper presents  the  results of the presaure meaaurc+ 
ments in the form of noMII&I"force and mcunent  coefficients and covera a range 
of nominal angle  of  attack  (simple  blade  element  theory) fraa Oo to Go for a 
section  &Mach  number range of approximately 0.6 to 1.15 f o r  the  outboard * stations and approximately 0.3 to 0.6 f o r  tnboaxd statiom. 

INTRODUCTION 

. Since  propeller  section8  operate  at speeds considerably higher than 
the  speeds  encountered on other p&e of an airplane,  the  propeller 
designer has contin- been  faced  with a lack  of a b f o i l  data fn the 
transonic speed range.  Above the critical  speed of the  airfoil, neazls- 

to  high  values  of Mach number has proved of little value. Even if  the 
t-Ko-dimensioaal  data  were  available f o r  supercritical value8 of Mach 
number, the  effects  of  velocity gradient along the blade, the  three- 
dfmensfonal tip  effects, and the  action  of  centrifugal  force on the 
boundary layer d o n g  the  blade inpose problems  that need to be Investl- 
gated on the operating  propeller. 

T a U  data are subject  to  wind-tunnel  choking  effects, and extrapolation 

. As a first  step tmaxd obtaining  these data, teste have just  been 
completed in the Langley 169oot high-peed  tunnel whereby section 
chasacteristics have been  determined by rnea8~1-u the  presaure  distri- 
bution on the  rotating  propeller-blade  sections under operating  conditions. 
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This paper  present6 a major  portion of the  data  obtained  from  the t e s t s  
and is of a pre l imlnw nature. To expedite  distribution  no  attempt has 
been  made  to anaJyze the  data. 

Prowller dvnamcmetar;- The tests were made on a 20004orsepower 
propeller dpamameter in the Langley 16-foot  high-speed  tunnel. A 
complete  descriptfon of the dynamometer is  contained in reference 1, 

Pressure-transfer  device.- In the  past there has existed  no 
practical  method of memurfng the pressure distribution  on a rotating 
propeller  blade  for more thas one pressure  orifice  at a time,  but 
recently a pressure-transfer  device, wing a mercury seal, has been 
developed  at the Lagley Laboratory of the  National Advisoq Committee 
for  Aeronautics  which al lows 24 pressures to be measured  simultaneously 
on a rotating  airfoil. Pressure-tranafer devices  have been used hereto- 
fore l ~ y  other  investigators,  but in moet cams they have been  single 
pressure-measwing  devices or have  incorporated  too many inherent 
diaadvantagee  to be of practical w e .  

A schematic vlew of two  pressure  cella in the  transfer  device  is 
presented In figure 1. A detailed  description  fa  given in reference 2. 
The transfer  device waa mounted on the r e m  casing  of t h e  propeller 
dynamometer in such a way that  there was no Fnterference  with  the thrust- 
and  torque-measuring  mechanlam.  Flexible  tubes  connected the etatiow 
outlet  of  the transfer device  to a manmeter b o d  and the  pressures  were 
recorded by a remotely  operated  aerial  camera. 

Propeller blades.- The propeller blades are of solid dural constnm- 
t ion  and are designated the NACA lO"(3) (08)-03 deeign. These blades were 
chosen for the fkst tests  because  they  incorporate  the  basic  design  of 
the EACA blades  used in the investigation of propeller  solidity,  thick- 
ness,  and  camber. The digits  in  the  propeller  designation  indicate & 
10-foot-diameter  propeller  incorporating l h e r i e s  ,sections  with  the 
following design  parameters  at the 0.7CLradius  station,  section deslgn 
lift  coefficient of 0.30, thiclmess  of  &percent  chord, and a solidity - 

of 0.03 per  blade. 

A complete  description of the  blades,  together  with  the  aerodynamic 
chmacteristice of the  blades,  is  contained  in  reference 1. The  blades 
were  tested as a two-blade  propeller f o r  the  present  teats, and blade- 
form characteristic  curves are  presented in figure 2. Twelve radial 
grooves were  cut  in  each  surface of one of the  blades at specified 
chordwlse  statione  where it was desired to meamre the preslsure. The 
grooves were cut  with a bottom  radius  and  were  cloee to the a m e  size 
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as the  outside  diameter of the  tubes to be i m t d l e d .  The tubing was 
then laid in the groove6 with the tops of t h e  tubes flush with the 
surrounding surface of the blade and were re tained  in  the blade by 
peening the edges of  the grooves a t  intervals d o n g  the radius .  A 
zinc  metal spray was then applied, t o  f i l l  i n  any cavi t ies  around the 
tubes, and allowed to harden. After  hardening,  the blade was caref'ully 
sanded to its original  section shape. Orifices  could then be dr i l led  
a t  any desired  radial.  station. Nine stat ions were tested and were 
chosen so  as t o  define clearly the thrust loading  curye along the 
propeller blade. 

d 

f 

The first  pressure  distributions were measured at the  outboard 
station nemest the t ip .  When measurements at this s ta t fon were cmplete, 
the  or i f ices  were plugged with a metal l ic   plast ic  and a new set of holes 
dr i l l ed  at the.next deslred inboard s ta t ion.  

'L 

In order t o  correct  the pressures read on the  manomter f o r  the 
pressure due to t h e  centrifugal  force of the air column in a pressure 
tube, a resistance  themameter w a ~  inetal led in  an additional groove 
cut into the lower'surface or thrust face of the propeller blade at  
the m e r c e n t - c h o r d  station. T h e  therPtometer gave the average tempera- 
ture of a pressure tube along the span of the blade which was recorded 
sfmultaneouly with the pressures on evem test point. 

The pressure  tubes were brought out of  the blade surface  inside 8 
rotat ing spinner and run through the hollow dpumomter shaft to  the 
transfer  device mounted in  the rear. A schematic diagram of the  teat  
setup is sham in  figure 1. 

TESTS 

The t e s t s  were? made at values of blade angle of 30° and 45O at  
the T-ercent (45 in.) radius  station. A c m t a n t   r o t a t i o n a l  speed 
was used for each test and a range of advance ratio was  covered ky 
changing the tml  airspeed, which was vmied from about 60 t o  
460 miles per hour. A t  a blade angle of 45O, however, the clyna;Pometer 
could  not  deliver  eufficient torque t o  cover the oamplete range of 
advance r a t i o  at the higher rotat ional  speeds & for t h i s  reason high- 
speed data were obtained by operating  the tunnel at  comtant high values 
of airspeed and var iab le   dpmomter   ro ta t iona l  speeds. 

Running the   t es t s  as described,  the  section Mach number and the 
section nominal angle of attack were varied simultaneously, t he   l a t t e r  
varying over a f a i r l y  large range and the eection Mach  number varying 
0-rer a 81m.U range.  Since  the ncminal angle .of attack is a funstion 
of advance r a t i o  a t  conetant blade angle, a Mach number range was 
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covered by running  the  tests over the same range of advance  ratio a 
number  of  times wing a different  combination of tunnel airspeed and 
rotational  speed. The Mach  number range covere& f o r  the  outboard 
ststions was from  about 0.6 to 1 .l, and for the  inboard  stations  from 
about 0.3 to 0.6. The nminal angle-of-a;ttack  range  varied from 
about -lo to 120 for low values of Mach  number and from about Oo to bo 
for the higher values of Mach  number. 

During  the  tests  force  measurements  of  propeller  thrust and torque 
together  with  slipstream  survey  measurements were made  aimultaneously 
with  the  measurement  of  the  sectlon  pressure  distribution. 

In order  to m k e  available as much  data as posaible  at  the  earliest 
date  possible,  complete  analysis  has  been  deferred and thls  paper  prepared' 
to present only the  data  obtained  by measuriw the  'pressure  distribution 
on the  blade  secti'ons over the  complete  Mach number range tested f o r  
values of naminal angle of  attack  of Oo to 4O. 

IiEDUCTION OF DATA 

Symbols.- The symbols used  throughout  this  report, some of which 
are  defined in figure 3, are as  follare: 

b blade  chord,  feet 

C distance f r o m  section,leading  edge  to any point  on  the 
chord, feet 

- 
C distance f r o m  section  leaaing edge to any polnt  about 

which  moments a r e  taken,  feet 

C la design l i f t  coefflcient 

c, section moment coefficient 

'n section  normal-force  coefficient 

D propeller  diameter,  feet - 
Fn section normal force 

g acceleration due to  gravity, 32.2 ft/sec2 

h blade  section maximum thickness,  feet 

J advance  ratio (v /~D)  

Y 

c 

W 

V 
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K gas  constant, 53.3 ft-lb/lbi'% 

M free-stream M&h number 

M, helical   section Mach nmiber 

m section moment, pound-feet 

N .  propeller rotat ional  speed, rpm 

n propeller  rotational speed, -6 

PX pressure coeff ic ient   a t  a rad ia l   s ta t ion  x 

P station jpxwure, I I I E / S ~  f t  

pm s t a t i c  pressure as  read on manmeter board (uncorrected 
f o r  centrifugal  presaure), lbs/eq f t  

PO f ' r e ~ t r e a m  s t a t i c  p re~swe,  Ibs/sq f't 

R propeller4ip  radius,  feet 

r radius   to  a blade element, f ee t  

rl radius t o  or i f ice  in rotat ing sha.ft of pressure-transfer 
device, f ee t  

T 
- 

absolute mean temperature of air  in propeller tubing, 
?F abs. 

a t  a rad ia l   s ta t ion  x, f't/eec 

.- 
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%x 

5' nominal angle of attack of blade element at radial 

angle of attack of blade element, corrected  for induced 
flow, a t  radial s ta t ion  x, degrees (B - @) 

s ta t ion  x, degrees ( B  - Po> 
B blade angle, degrees 

E induced angle of attack 

P maae density of air in f r ee  stream, slugs per cubic  foot 

helix angle 

nominal helix angle tm-1 (J/mc)) $0 

W propeller  rotational speed, raUana/sec 

Pressure coefftcunt.- The pressure  coefficient for a pressure 
measured on the surface of the  propeller  blade is defined aa the 
difference between the measured surface  pressure and the free-etream 
static  preseure FTmnediately ahead of the  propeller,  divided ?q the 
resultant section dynamic presmre, BO that 

P - Po 
qX 

P, = 

The effect  of the rotation of the propeller aection is t o  change the 
section  velocity and total   pressure,   but  the  static pressure and %sa 
density of the air remain the same a~ for the free a i r  stream. 

The preeaure p a t  a point on the blade surface ie the pressure 
recorded on the manometer corrected  for  the  centrifugal  force on the 
a i r  column in the  pressure  tube due to   the  rotat ion  of , the,blade,  
a0 that 

This re lat ion is explained in reference 2. For,the present  installa- 
t ion  rl wae amall c o q a r e d  with r and WE called zero with negligible 
effect  on the result ing pressure coefficient. 

No&-force coefficient.- The no--force coefficient of a 
section is defined  ae-the normal force  acting on a section of unit 
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.. span divided by the  chord of the  section and the  resultant  section 
dpamlc pressee, thus, 

Moment  ccmff1cient.- The moment coefficient of a section is 
defined 8 8 :  

. A positive value of  moment  coefficient is defined a moment t ed ing  
to  increase ~e section angle of  attack. In this  report t&e mamenta 
were taken  about  the  section  quarter-chord  point so that % =  0.25. 

REsuI;Ts 

As a preliminary  check on the  func :tionFng of the test  apparatus 
a camparison of a pressure-distribution diagram obtafned on the 
propeller  at  the hercent-padiua station is compared  with the 
theoretical  pressure  distribution in figure 4. The experimental data 
are preliminary and the normal force has not been redused to lift so 
that  the  comparison in .figure 4 is only approximately  at  the same 
value of lift  coefficient.  However,  the values chosen are considered. 
close  enough  to  veri- the validity  of the qxperinental  dgtg,. The 
agreement is  very good over most of the  section. There is a discrepansy 
near the  leading edge but  this  discrepancy  haa  been found Fn other 
tunnel work and may be due to  the  sensitivity of the  theory to slight 

\ changes in curvature near the leading etige. 

. 
i. 

Plots  of  sectfon  norml-force  coefficient and section moment 
coefficient  abaut  the  one-quarrtemhord  point  versua  section  Mach 
number are presented in figures 5 t h rough  22 at  values of nominal 
section angle of attack of Oo, lo, 2O, 3 O ,  and bo for the nfne radial 
stations  tested. The blade section  design  paranetere are  given in 
table I. 

The tests  were run by first  increasing and then  decreasing  the 
aavance  ratio. The data presented herein a r e  values read f r o m  a 
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faired mean l ine  drawn through  the tes t   po in ts  &d the values BO read 
are the values shown by symbols on the  plots.  The data presented  in 
figures 5 through 22 are t o  be regarded a8 p r e l i m i m  insofar as 
they have been obtained by a fa i r ing  process; they .include  effects of 
propeller  blade  deflection; and they have not been corrected for the 
induced angle. 

A comparison is made in figure 23 of nol"m&l"force coefficient, 
obtained on the propeller at the 80-percent-radiua station  with  the 
lift coefficient  corrected f o r  tunnel blockage obtained from two- 
dimensional t e s t s  on approximately the same section in the Langley 24"inch 
high-speed tunnel (unpublished data) .  The data are compared for low 
values of angle of attack so that the  difference between normal-"force 
coefficient and lift coefficient i s  very gmaJl. The angle of attack 
of the  propeller  section i n  t h i s  figure has been corrected for induced 
flow; therefore,  the angles of a t tack  for  which the  propeller-section 
data are presented me ccrmparable with angles for  the two-d.imeneiona1 
data. 

Figure 24 shows a camparison of the 8ecti.on moment coefficient 
about the  quarter-chord  point  obtained on the propeller section  with 
two4imeneional"tunnel data, The angles of attack for the  propeller 
data shown in t h i s  figure have a l s o  been corrected  for induced flow. 

These campmisons give an idea of the changes that  my occw i n  
the section  characteriBtics when the  section  ie  incorporate3  in a 
propeller blade t o  operate at high speed. These changea are particu- 
larly apparenk near the  propeller  blade  tip when the  section i s  operating 
above its twc-dimemional c r i t i c a l  speed. 

I 

I 

Langley Memorial Aeronautical  Laboratory 
National  Advisoq Ccrmmlttee for Aeromutics 

Langley Field, Va. 
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span divided by the chord of the  section and the resultant section 
dynamic pressure,  thus, 

Moment coefficient.- The moment coefficient of  a section is 
defined as: 

A positive  value of moment coefficient is defined a~ a moment tending 
t o  increase  the  section angle of attack. In t h i s  report tke moments 
mre taken  about the section  quarter"chord  point so that % =  0.25. 

C '  

A s  a preliminary check on the  functioning of the  teat  apparatus 
a c&parison of a pressuredis t r ibut ion diagram obtained on the 
propeller a+, the 8@percent--radiua s ta t ion  is compaxed with  the 
theoret ical  pressure dist r ibut ion in figure 4. The experfmental data 
are preliminary and the no& force has not been reamed t o  l i f t  so 
that the comparison in   f igure 4 is o d y  approximatelg at the same 
value of l i f t   coe f f i c i en t .  Emever, the values chosen are considere& 
close enough t o  veri-  the  validity of the  oxperiaental dats. The 
agreement is very good over most of the section. There fa a discrepansy 
near  the  leading edge but t h i s  discrepancy haa been found i n  other 
tunnel work and may be due t o  the   sewi t iv i tg  of the  theory t o  s l igh t  
changes i n  curvature ne= the leading edge. 

Plots of section normd-force coefficient and sectioa mament 
coefficient about the one-uarter-chord point versus section Mach 
number are  presented in figures 5 through 22 at values of nominal 
section angle- of attack of Oo, l", 2O, 3O, and bo for   the nine radial 
stations  tested.  The blade sect ion  design  parmters   are  given in 
table I. 

The t e s t s  were run by first increasing and then  decreasing the 
advance ratfo.  The data  presented  herein axe values read Pan a 



0 - NACA RM No. L8Ell 

faired mean l i ne  drawn through  the tes t   points  and the  values so read 
are the values shown  by symbols on the  plots. The data  presented  in 
figures 5 through 22 are t o  be regarded aa preliminary  insofar as 
they have been obtained by a fairing process;  they  ’include  effects of 
propeller  blade  deflection; e d  they have not. been corrected f o r  the 
induced angle. 

A comparison is made in   f igure 23 of normal-force coefficient, 
obtained on the  propeller at the  80-percenGradiua  station  with  the 
l if t   coefficient  corrected  for  tunnel blockage  obtained ,from two- 
dimensional tests on approximately the same section in the Langley 24”inch 
high-speed tunnel  (unpublished data). The data are compared for  low 
values of W l e  of attack so that the  difference between noTm&l”force 
coefficient and l i f t   coe f f i c i en t  i s  very small. The angle of attack 
of the  propeller  eection in this figure has been corrected  for induced 
flow; thsrefme,  the angles of at tack  for  which the  propellex-aection 
data a r e  presented me ccmrperable with angles fo r  the two-dimeneional 
data. 

Figure 24 sham a camparison of the  section mcanant coefficient 
about the  qmter-chord  point  obtained on the  propeller  section  with 
tw&imsnsional-tunnel data. The angles of attack f o r  the  propeller 
data shown in this   f igure have also been corrected  for induced flow. 

These caug&?ieons give an idea of the changes that may occtll” in 
the  section  characterist ice when the  section is incorporated i n  a 
propeller  blade  to  operate at high epee?. These changes are  particu- 
larly apparent neas the  propeller blade t i p  when the  section is operating 
above its two-dimensional c r i t i c a l  speed. 

. 

f 

Langley Memorial Aeronautical Laboratoqy 
National Advisorg Camittee  for Aeronautics 

Langley Field, Va.  
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Figure 5. -Concluded. 
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